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HIGHLIGHTS 


•  Metal-supported  SOFCs  were  fabricated  by  tape  casting  and  co-sintering. 

•  SFMO— YSZ  composite  cathode  was  applied  by  impregnation  method. 

•  Oxygen  reduction  kinetics  of  the  composite  cathode  were  studied. 
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This  paper  reports  on  the  fabrication  in  reducing  atmospheres  of  SrFeo.75Moo.25O3  (SFM0)-8  mol%Y203- 
stabilized  Zr02  (YSZ)  composites  by  impregnating  Sr2+-,  Fe3+-  and  M07O24 -containing  solutions  into  the 
porous  YSZ  backbones,  which  would  find  important  applications  as  cathodes  for  co-fired  metal-sup- 
ported  solid  oxide  fuel  cells.  X-ray  diffraction  examination  shows  that  as-synthesized  infiltrates  consist  of 
perovskite  SFMO  oxides  and  metallic  Fe.  In  situ  oxidation  during  the  fuel  cell  operation  eliminates 
metallic  Fe,  and  SFMO  oxides  become  the  predominant  component  with  some  minor  SrMo04  impurities. 
Impedance  measurements  on  symmetric  cathode  fuel  cells  show  that  such  impregnated  SFMO-YSZ 
composites  exhibit  low  polarization  resistances  in  air,  e.g.,  0.06  Q  cm2  at  800  °C.  Metal-supported  solid 
oxide  fuel  cells,  consisting  of  porous  430L  stainless  steel  substrates,  Ni— YSZ  active  anodes,  YSZ  elec¬ 
trolytes  and  impregnated  SFMO-YSZ  composite  cathodes,  are  fabricated  using  tape  casting,  tape  lami¬ 
nation,  co-sintering  and  solution  impregnation  techniques,  and  show  maximum  power  densities  of 
438  mW  cm-2  at  800  °C  and  221  mW  cm“2  at  700  °C. 

Crown  Copyright  ©  2013  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  electrochemically  convert  fuels 
such  as  hydrogen  and  methane  into  electricity  in  an  energetically 
efficient  and  environmentally  friendly  manner.  Traditional  SOFCs 
use  a  thick  electrolyte  (0.1—1  mm)  to  support  the  thin  anode  and 
cathode  layers.  Due  to  the  large  ohmic  impedance  caused  by  the 
thick  electrolyte,  operation  temperatures  of  those  electrolyte- 
supported  cells  (ESCs)  are  typically  in  the  range  850-1000  °C. 
Such  high  temperatures  may  bring  challenges  to  the  material  se¬ 
lection  and  cell  durability.  While  in  the  anode-supported  cells 
(ASCs)  or  cathode-supported  cells  (CSCs)  cases,  thick  Ni-YSZ 
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anodes  or  LSM  cathodes  are  used  to  support  the  thin  electrolytes 
and  the  cell  working  temperature  can  be  reduced  to  below  800  °C 
by  reducing  the  ohmic  impedance  of  the  electrolyte.  However,  the 
mechanical  support  of  both  the  electrolyte-supported  and  the 
electrodes-supported  cells  is  a  brittle  ceramic  or  cermet,  which  is 
expensive  and  difficult  processed.  In  contrast,  Metal-supported 
SOFCs  (MS-SOFCs)  use  the  electrically  conductive  and  mechani¬ 
cally  robust  alloys  to  support  the  electrochemically  active  compo¬ 
nents  (including  anodes,  electrolytes  and  cathodes)  and  have 
shown  great  promise  for  reduced  materials  costs,  increased 
ruggedness  and  tolerance  against  rapid  thermal  cycling  [1-12]. 
Among  various  alloys,  ferritic  FeCr  stainless  steels  have  been  the 
most  widely  used  as  the  metallic  substrates  due  to  their  low  costs, 
compatible  thermal  expansion  coefficients  with  YSZ  electrolytes 
and  adequate  resistances  against  high  temperature  oxidation  13]. 
However,  interdiffusion  of  iron,  chromium  and  nickel  between 
ferritic  FeCr  substrates  and  nickel-containing  anodes  has  been 
identified  as  the  main  reason  for  low  power  densities  and  rapid 
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performance  degradations  of  MS-SOFCs,  especially  when  the 
metallic  substrates,  Ni-anodes  and  YSZ  electrolytes  are  co-fired  at 
high  temperatures  [1].  For  example,  chromium  diffusion  depth 
from  CroFer22APU  alloys  to  Ni-anodes  could  be  as  large  as  60  pm 
when  heat-treated  at  1100  °C  for  3  h  in  argon  atmosphere  [14]. 
Plasma  spray  deposition  of  YSZ  electrolytes  and  electrically 
conductive  diffusion  barrier  layers  such  as  doped  ceria  or 
Lao.6Sro.2Cao.2Cr03_<5  could  improve  power  densities  and  durabil¬ 
ities  of  MS-SOFCs  [14,15].  Alternatively,  impregnation  of  nano-scale 
nickel-containing  catalysts  into  the  anode  backbone  layers  could 
substantially  increase  their  catalytic  activities  for  hydrogen  oxida¬ 
tion  reactions  and  thereby  allow  for  reduced-temperature 
(-650  °C)  operation  of  MS-SOFCs  with  reasonably  high  power 
densities,  which  was  advantageous  in  preventing  metallic  inter¬ 
diffusion  and  maintaining  good  long-term  stability  [16].  Overall, 
significant  progress  has  been  achieved  in  the  design  and  fabrication 
of  the  anode  active  layers  for  MS-SOFCs  [1]. 

For  MS-SOFCs  with  plasma-sprayed  electrolytes,  the  cathode 
layers  are  readily  deposited  using  plasma  spray  and  display 
adequate  catalytic  activities  for  oxygen  reduction  reactions  [17—19]. 
Nevertheless,  it  becomes  much  more  complicated  to  select  appro¬ 
priate  cathode  materials  and  form  highly  active  cathode  layers  well 
bonded  to  the  electrolytes  for  co-fired  MS-SOFCs  [1  ].  The  commonly 
utilized  cathode  materials  such  as  Lai_xSrxMn03_«5  (LSM)  and 
Lai_xSrxCoi_yFey03_,5  (LSCF)  require  sintering  in  air  over  the  tem¬ 
perature  range  of  1000-1200  °C,  which  is  not  allowed  due  to 
excessive  oxidation  of  stainless  steel  substrates  at  such  high  tem¬ 
peratures.  On  the  other  hand,  decomposition  would  occur  for  these 
cathode  materials  when  sintered  in  a  reducing  atmosphere, 
resulting  in  unacceptably  low  performance.  In  situ  sintering  during 
operation  has  been  used  to  fabricate  the  cathode  layers  for  co-fired 
MS-SOFCs,  but  the  resulting  cathode  polarization  resistances  are 
relatively  large  and  may  account  for  half  of  the  total  cell  resistances. 
Despite  better  sinterability  at  low  temperatures  of  800  °C,  alterna¬ 
tive  cathode  materials  such  as  Ba0.5Sr0.5Coo.8Feo.203_5  (BSCF)  [20] 
and  SmBao.5Sro.5Co2.o05_,5  (SBSCO)  [21]  have  much  larger  thermal 
expansion  coefficients  than  the  typical  electrolyte  materials,  leading 
to  cracking  or  delamination  of  these  cathode  layers  during  the 
thermal  cycling.  Redox-stable  (La,  Sr)(Cr,  Mn)03_«5  (LSCM)  perov- 
skite  oxides  were  explored  as  cathodes  for  MS-SOFCs  that  could  be 
sintered  in  nitrogen  at  1100  °C,  but  did  not  provide  sufficient  per¬ 
formance  at  700-800  °C  due  to  their  poor  catalytic  activity  for  ox¬ 
ygen  reduction  reactions  [22].  Tucker  et  al.  pioneered  impregnation 
of  LSM  cathode  catalysts  into  the  porous  YSZ  backbones  that  was  co¬ 
sintered  with  the  metallic  substrates  and  the  dense  YSZ  electrolyte 
layers,  obviating  the  need  for  high  temperature  processing,  pre¬ 
venting  decomposition  in  non-oxidizing  atmospheres  and  thereby 
achieving  good  cathode  performance  at  650-750  °C  [16]. 

In  this  work,  MS-SOFCs  containing  porous  430L  stainless  steel 
substrates,  Ni-YSZ  anode  active  layers,  YSZ  electrolytes  and  porous 
YSZ  cathode  backbones  were  fabricated  by  the  tape  casting,  tape 
lamination  and  co-firing  techniques.  Sr2Fei.5Moo.506-<5  (SFMO)  was 
selected  as  the  cathode  catalyst  due  to  its  good  structural  stability 
and  important  mixed  ionic— electronic  conducting  behavior  in  both 
oxidizing  and  reducing  atmospheres  [23,24],  and  was  coated  onto 
the  internal  surfaces  of  porous  YSZ  backbones  by  solution 
impregnation  with  subsequent  calcinations  in  reducing  atmo¬ 
spheres  at  850  °C.  The  catalytic  activities  of  the  resulting  SFMO 
coatings  were  evaluated  after  in  situ  oxidization  during  the  fuel  cell 
operation. 

2.  Experimental 

MS-SOFCs  with  impregnated  SFMO  cathodes  were  fabricated 
using  a  two-step  procedure.  First,  metal-supported  composite 


structures,  consisting  of  porous  430L  substrates,  active  Ni— YSZ 
anodes,  dense  YSZ  electrolytes  and  porous  YSZ  backbones,  were 
produced  by  laminating  tape  cast  green  tapes.  Powders  of  430L 
stainless  steel  powders  (-400  mesh,  Jing-yuan  Powder  Material 
Co.,  Ltd,  China)  and  ammonium  oxalate  were  ball-milled  in  a 
weight  ratio  of  75:25  for  4  h  with  appropriate  amounts  of  disper¬ 
sant,  binder,  plasticizer  and  solvent.  After  drying,  green  430L- 
ammonium  oxalate  sheets  of  -100  pm  thick  were  obtained.  Green 
sheets  of  YSZ  electrolytes,  NiO— YSZ  anodes  and  YSZ— ammonium 
backbones  were  similarly  prepared.  Four  sheets  of  430L-ammo- 
nium  oxalate,  one  sheet  of  NiO-YSZ  anodes,  one  sheet  of  YSZ  and 
one  sheet  of  YSZ— ammonium  backbones  were  then  stacked  and 
uniaxially  laminated  at  75  °C  for  10  min  under  a  pressure  of 
3000  psi,  which  were  then  co-sintered  in  a  reduced  atmosphere  of 
5%  H2/95%  N2  at  1300  °C  for  4  h  in  order  to  density  YSZ  electrolyte 
layers. 

Second,  SFMO  coatings  were  deposited  into  the  porous 
YSZ  backbones  by  impregnating  aqueous  solutions  containing 
stoichiometric  amounts  of  Sr(N03)2,  Fe(N03)3-9H20, 

(NH4)6Mo7024-4H20,  where  citric  acid  was  also  added  at  a  1:1  M 
ratio  of  citric  acid  to  metal  ions.  After  drying,  heat  treatment  was 
conducted  at  850  °C  in  a  reduced  atmosphere  of  5%  H2-95%  N2  for 
2  h  to  convert  these  salts  into  metal  oxides  without  excessive 
oxidation  of  430L  substrates.  The  impregnation/heat  treatment 
cycles  were  repeated  to  increase  the  amounts  of  impregnated 
catalysts. 

For  electrochemical  measurements,  silver  grids  were  applied 
onto  surfaces  of  430L  substrates  and  impregnated  SFMO-YSZ 
cathodes  with  silver  wires  attached  as  the  voltage  and  current 
leads.  Single  fuel  cells  were  sealed  onto  alumina  tubes  using  silver 
paste  (DAD-87,  Shanghai  Research  Institute  of  Synthetic  Resins), 
and  the  current-voltage  curves  were  obtained  over  the  tempera¬ 
tures  range  of  650—800  °C  using  an  IM6  Electrochemical  Work¬ 
station  (ZAHNER,  Germany).  Ambient  air  was  maintained  on  the 
cathodes  while  3%  FI2O  humidified  hydrogen  was  supplied  at  a  flow 
rate  of  100  mL  min-1  to  the  anodes.  Electrochemical  impedance 
spectras  (EIS)  were  collected  at  open  circuits  over  the  frequency 
range  of  50  mFIz-0.2  MFIz  with  a  bias  voltage  of  20  mV.  Impedance 
measurements  were  also  performed  in  3%  FI2O  humidified 
hydrogen  on  symmetric  anode  fuel  cells,  i.e.,  430L|Ni-YSZ  ano- 
des|YSZ  electrolytes | Ni— YSZ  anodes|430L,  or  in  ambient  air  on 
symmetric  cathode  fuel  cells,  i.e.,  impregnated  SFMO-YSZ|YSZ 
electrolytes |  impregnated  SFMO-YSZ.  Active  area  of  the  single  cell, 
symmetric  anode  cell  and  symmetric  cathode  cell  is  0.35, 1.25  and 
0.35  cm2,  respectively. 

Phase  compositions  for  impregnated  SFMO-YSZ  composite 
cathodes,  before  and  after  in  situ  oxidation  during  the  fuel  cell 
operation,  were  identified  at  room  temperatures  using  a  Rigaku 
XRD  diffractometer  with  monochromatic  CuKa  radiation.  The  mi¬ 
crostructures  of  fuel  cells  were  examined  using  scanning  electron 
microscopy  (SEM)  in  Hitachi  S-3400N  and  S-4800-II  microscopes. 
The  porosity  and  pore-size  distribution  of  porous  430L  substrates 
and  porous  YSZ  backbones  were  measured  using  mercury  intrusion 
porosimetry  carried  out  with  a  Micromeritics  AutoPore  IV  9500 
V1.09. 

3.  Results  and  discussion 

Fig.  la  shows  the  X-ray  diffraction  patterns  of  SFMO-YSZ 
composites  with  40  wt%  of  SFMO  as  synthesized  in  5%  H2— 95%  N2,  a 
relative  high  loading  that  would  allow  for  strong  X-ray  peaks  from 
impregnated  catalysts.  In  addition  to  the  supporting  YSZ  back¬ 
bones,  diffraction  peaks  at  26  =  32,  45.86,  56.99  and  66.87  can  be 
ascribed  to  SFMO  perovskite  oxides.  The  diffraction  peak  at 
26  =  44.62  revealed  the  presence  of  metallic  Fe  impurities.  Upon  in 
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Fig.  1.  X-ray  diffraction  patterns  of  the  SFMO  impregnated  YSZ  cathode:  (a)  as- 
synthesized  in  5%  H2-95%  N2,  and  (b)  after  in  situ  oxidation  in  air  at  800  °C  during 
the  fuel  cell  operation. 


situ  oxidation  of  as-synthesized  infiltrates  at  800  °C  in  air  during 
the  fuel  cell  operation,  these  Fe  impurities  were  completely  elimi¬ 
nated  whereas  SFMO  perovskite  oxides  remained,  as  shown  in 
Fig.  lb.  Furthermore,  no  diffraction  peaks  from  ferric  oxides  were 
observed,  indicating  that  metallic  Fe  was  incorporated  into  the 
lattice  of  SFMO  oxides.  Nevertheless,  another  impurity  of  SrMo04 
appeared  as  evidenced  by  a  small  peak  at  26  =  27.84  in  Fig.  lb.  It  is 
reported  that  a  secondary  phase  is  formed  in  the  mixture  of  SFMO 
and  YSZ  after  firing  at  1000  °C  for  24  h  in  air  [25],  however 
considering  the  relative  lower  heat  treatment  temperature  of 
850  °C  applied  in  this  study,  the  chemical  reaction  between  YSZ  and 
SFMO  may  not  be  the  problem.  Also,  no  secondary  phase  composed 
of  SFMO  and  YSZ  is  detected  in  Fig.  lb. 

Fig.  2a  shows  a  representative  cross-sectional  SEM  micrograph 
of  single  MS-SOFCs  prior  to  impregnation  of  SFMO  cathode  cata¬ 
lysts,  consisting  of  porous  430L  substrates,  Ni-YSZ  active  anodes, 
YSZ  electrolytes  and  porous  YSZ  backbones.  The  dense  electrolyte 
was  fully  dense  with  a  thickness  of  16  pm  and  was  well  bonded 
with  the  adjacent  Ni-YSZ  active  anodes  and  porous  YSZ  backbones. 
The  43 0L  stainless  steel  substrates  were  -300  pm  thick  (part  of  the 
substrate  is  not  shown  in  Fig.  2a),  providing  mechanical  strength 
and  collecting  the  current  on  the  anodes.  The  average  pore  size  was 
—  17  pm  and  the  overall  porosity  was  —44%,  which  allowed  for 
facilitated  transport  of  fuels  within  the  porous  alloy  substrates.  The 
thicknesses  for  NiO-YSZ  active  anodes  and  porous  YSZ  backbones 
were  26  and  60  pm,  respectively.  A  high-magnification  SEM 
micrograph  (Fig.  2b)  shows  that  the  Ni-YSZ  active  anodes  were 
much  less  porous  when  compared  to  430L  substrates.  Fig.  2a  also 
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Fig.  2.  Cross-sectional  scanning  electron  microscope  (SEM)  images  of  the  metal- 
supported  SOFCs:  (a)  The  porous  430L  support,  Ni-YSZ  anode,  YSZ  electrolyte  and 
porous  YSZ  cathode  backbone  before  impregnation,  (b)  high-magnification  SEM 
micrograph  of  Ni-YSZ  anode,  (c)  high-magnification  SEM  micrograph  of  SFMO 
impregnated  YSZ  cathodes  after  the  fuel  cell  operation. 


shows  a  homogeneous  porous  structure  for  the  YSZ  backbones  with 
overall  porosities  of  -69%.  Mercury  porosimetry  measurements 
indicated  that  the  porous  YSZ  backbones  exhibited  a  bi-modal 
distribution  in  pore  size  centered  at  1  and  6  pm,  respectively. 
Such  porosities  and  pore  structures  were  advantageous  for  subse¬ 
quent  impregnation  of  cathode  catalysts.  A  single  impregnation- 
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calcination  cycle  yielded  an  infiltrate  loading  of  ~5  wt%,  and 
multiple  cycles  were  used  to  introduce  sufficient  amounts  of  in¬ 
filtrates  within  the  porous  YSZ  backbones.  Fig.  2c  shows  a  high- 
magnification  SEM  micrograph  of  impregnated  SFMO-YSZ  com¬ 
posite  cathodes  with  35  wt  %  of  SFMO  after  fuel  cell  operation, 
showing  well-interconnected  and  nanoporous  SFMO  coatings  were 
deposited  onto  the  internal  surfaces  of  porous  YSZ  backbones  as 
previously  observed  for  impregnated  electrodes  [26,27].  The 
average  SFMO  particle  diameter  was  ~  60  nm  and  the  mean  pore 
size  was  ~40  nm.  Such  nanoporous  SFMO  coatings  showed  great 
promise  as  catalytically  active  cathodes  due  to  their  substantially 
large  surface  area  for  oxygen  reduction  reactions. 

Electrochemical  characteristics  are  shown  in  Fig.  3  for  single 
MS-SOFCs  operating  on  humidified  hydrogen  fuels  and  ambient  air 
oxidants  at  650-800  °C.  Fig.  3a  shows  typical  cell  voltages  and 
power  densities  as  a  function  of  current  densities.  Consistent  with 
gas  impermeability  of  YSZ  electrolyte  thin  films  as  indicated  by  the 
SEM  micrograph  shown  in  Fig.  2a,  the  open  circuit  voltage  (OCV) 
values  were  within  50  mV  of  the  thermodynamically  expected 
values  and  increased  from  1.06  V  at  800  °C  to  1.1  V  at  650  °C.  The 
maximum  power  densities  measured  were  140,  221,  316  and 
438  mW  cm-2  at  650,  700,  750  and  800  °C,  respectively.  The  cur¬ 
rent  density  was  0.56  A  cm-2  at  0.7  V  and  800  °C.  In  contrast,  IMT 
alloy  supported  Ni-YSZ  anode  and  YSZ  electrolyte  fuel  cells  with 
diffusion  barrier  layers  and  in-situ  sintered  LSCF  cathodes  provided 
higher  power  density,  i.e.,  1.064  W  cm-2  at  0.7  V  (820  °C)  [12].  Given 
the  high  performance  of  impregnated  cathode  applied  in  this  study 
as  talked  below,  such  large  differences  in  power  densities  may  be 
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Fig.  3.  Electrochemical  characteristics  of  the  single  fuel  cells  operating  on  humidified 
hydrogen  fuels  at  100  mL  min-1  and  ambient  air  oxidants  over  the  temperature  range 
of  650-800  °C:  (a)  voltage  and  power  density  versus  current  density,  and  (b) 
impedance  spectras  at  open  circuits. 


caused  by  the  much  thinner  YSZ  electrolyte  (4  pm)  and  relative 
porous  anode  microstructure  used  in  that  report. 

Fig.  3b  shows  Nyquist  plots  of  impedance  data  as  obtained  at 
open  circuits  for  the  present  MS-SOFCs.  The  ohmic  resistance  was 
r0  =  0.33  Q  cm2  at  800  °C.  Based  upon  the  oxide  ionic  conductiv¬ 
ities  [28],  the  area  specific  resistance  for  16  pm-thick  YSZ  electro¬ 
lytes  can  be  calculated,  e.g.,  Rel  =  0.08  Q  cm2  at  800  °C.  Since  the 
ohmic  resistances  of  the  430L  substrates  and  the  active  Ni— YSZ 
anodes  were  negligibly  small,  relatively  large  differences  between 
Ro  and  Ael  might  result  from  the  cathode  layers,  which  were  not 
sufficiently  conductive  due  to  low  conductivities  for  SFMO  oxides 
[29].  Note  that  additional  contact  resistances  between  different 
functional  layers  of  single  cells  might  also  result  in  larger  than 
expected  ohmic  resistances. 

Fig.  3b  also  shows  that  the  combined  interfacial  polarization 
resistances  (ftp,  t)  for  single  cells,  including  both  the  anode  and  the 
cathode,  were  1.75, 1.08,  0.85  and  0.62  Q  cm2  at  650,  700,  750  and 
800  °C,  respectively.  These  Nyquist  plots  consisted  of  small  high- 
frequency  arcs  and  large  low-frequency  arcs  with  the  respective 
relaxation  frequencies  at  1  kHz  and  15  Hz.  In  order  to  determine  the 
individual  contributions  of  the  anode  and  the  cathode  to  the 
combined  interfacial  polarization  resistances,  symmetric  cathode 
fuel  cells  in  electrolyte-supported  configurations,  i.e.,  SFMO- 
YSZ|YSZ| SFMO-YSZ,  and  symmetric  anode  fuel  cells  in  metal- 
supported  configurations,  i.e.,  430L|Ni-YSZ|YSZ|Ni-YSZ|430L, 
were  constructed  with  impedance  measurements  conducted  in 
homogeneous  environments  over  the  temperature  range  of  650- 
800  °C.  Representative  Nyquist  plots  of  impedance  data  at  800  °C 
are  shown  in  Fig.  4a  for  symmetric  cathode  cells  in  ambient  air  and 
in  Fig.  4b  for  symmetric  anode  cells  in  97%  H2— 3%  H2O,  where  the 
ohmic  resistances  due  to  electrolytes  and  conducting  wires  were 
removed  while  the  resistances  were  divided  by  2  to  account  for 
contributions  of  two  symmetric  electrodes.  The  cathode  polariza¬ 
tion  resistances  were  ftp,  c  =  0.06  Q  cm2  at  800  °C.  Despite  the 
presence  of  minor  SrMo04  impurities  as  discussed  above,  the 
impregnated  SFMO-YSZ  composites  exhibit  similar  catalytic 
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Fig.  4.  Nyquist  plots  of  impedance  data  at  800  °C  for  (a)  symmetric  cathode  fuel  cells 
in  ambient  air  and  (b)  symmetric  anode  fuel  cells  in  humidified  hydrogen  fuels. 
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activities  for  oxygen  reduction  reactions  as  alternative  impregnated 
cathodes.  For  example,  the  composites  of  SDC  infiltrated  SFMO 
showed  ftp,  c  values  of  0.11  Q  cm2  at  750  °C,  whereas  LSCF  and  LSF 
infiltrated  YSZ  yielded  ftp,  c  values  of  0.09  and  0.1  Q  cm2  at  700  °C, 
respectively  [30-32].  Note  that  the  cathode  polarization  re¬ 
sistances  reported  here  are  much  lower  than  for  in-situ  sintered 
LSM,  LSF,  LSCF  and  SSC  cathodes  as  previously  used  for  metal- 
supported  SOFCs  [21].  Irrespective  of  comparable  ftp,  c  values  to 
in-situ  sintered  SBSC  and  BSCF  oxides  [21],  the  present  impreg¬ 
nated  SFMO-YSZ  composites  compare  very  favorably  in  terms  of 
adhesions  to  electrolytes  and  compatibilities  with  electrolytes  in 
thermal  expansion  coefficients. 

Fig.  4b  shows  that  the  anode  polarization  resistances  were  ftp, 
a  =  0.79  Q  cm2  at  800  °C,  substantially  larger  than  the  value  of 
-0.15  Q  cm2  previously  reported  at  comparable  temperatures  for 
Ni-YSZ  cermets  in  anode-supported  fuel  cells  [33].  One  possible 
explanation  was  metallic  interdiffusion  between  430L  substrates 
and  the  Ni-YSZ  anode  layers  during  the  high  temperature  co¬ 
sintering  process  that  resulted  in  a  dramatical  decrease  in  the 
anode  catalytic  activity  [13,15].  Additionally,  the  Nyquist  plots  for 
symmetrical  anode  cells  are  dominated  by  the  low-frequency  arcs 
centered  at  — 11  FIz  that  have  been  commonly  related  to  the  gas 
diffusion  and  adsorption  process,  indicating  that  the  porosities  of 
the  active  Ni-YSZ  anodes  were  not  sufficiently  high  and  the  gas 
diffusion  resistances  were  relatively  large. 

The  Nyquist  plots  in  Fig.  4a  consisted  of  large  high-frequency 
arcs  and  small  low-frequency  arc  that  are  deeply  coupled  and 
difficult  to  deconvolve.  In  order  to  gain  insights  into  oxygen 
reduction  kinetics  and  identify  the  rate-limiting  step,  impedance 
datas  were  collected  for  the  symmetric  cathode  fuel  cells  with  35% 
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Fig.  5.  (a)  Nyquist  plots  of  impedance  data  for  symmetric  cathode  fuel  cells  with  SFMO 
loadings  of  35  wt%  measured  at  800  °C  under  different  oxygen  partial  pressures. 
Included  are  the  fitting  results  using  the  equivalent  circuit  -  L(RH,QH)  (Rl,Qf).  (b) 
Dependence  of  RH  and  RL  on  oxygen  partial  pressures  at  800  °C. 


Fig.  6.  Effect  of  SFMO  loadings  on  the  polarization  resistances  of  the  SFMO  impreg¬ 
nated  YSZ  cathode  over  the  temperature  range  of  650-800  °C. 


of  SFMO  at  800  °C  under  varied  oxygen  partial  pressures  with  the 
Nyquist  plots  showed  in  Fig.  5a.  With  decreasing  oxygen  partial 
pressures,  both  arcs  increased  continuously  with  the  low- 
frequency  arc  increasingly  distinguishable.  These  impedance  data 
were  further  fitted  with  an  equivalent  circuit,  L(ftH,QH)  (ftL,QL), 
where  L  was  the  inductance  due  to  the  connecting  wires,  ftH  and  ftL 
were  widths  of  the  high-  and  low-frequency  arcs,  while  QH  and  QL 
were  the  constant  phase  elements  for  the  high-  and  low-frequency 
arcs,  respectively.  The  resulting  ftH  and  ftL  values  at  varied  oxygen 
partial  pressures  are  summarized  in  Fig.  5b,  showing  that  ftH 
increased  more  pronouncedly  than  ftL  with  decreasing  oxygen 
partial  pressure.  Linear  fitting  between  Log(ftp)  and  Log(Po2)  yiel¬ 
ded  slopes  of  0.37  for  ftH  and  0.87  for  ftL,  indicating  that  the  high- 
frequency  arc  might  be  correlated  with  charge  transfer  reactions 
on  the  SFMO|YSZ  interfaces  while  the  low-frequency  arc  corre¬ 
sponds  to  oxygen  molecule  diffusion  and  adsorption  [34].  Given 
that  ftH  is  more  than  one  order  of  magnitude  larger  than  ftL  for 
oxygen  partial  pressures  between  0.21  atm  and  0.1  atm  as  shown  in 
Fig.  5b,  it  can  be  concluded  that  oxygen  reduction  kinetics  over 
impregnated  SFMO-YSZ  composite  cathodes  is  largely  limited  by 
charge  transfer  reactions  on  the  SFMO|YSZ  interfaces. 

Note  that  tailoring  the  catalyst  loadings  is  important  in  reducing 
the  cathode  polarization  resistance.  As  shown  in  Fig.  6,  impreg¬ 
nated  SFMO-YSZ  composites  with  35%  of  SFMO  exhibited  the 
lowest  polarization  resistances  at  all  temperatures  between  650 
and  800  °C,  which  is  reasonable  given  that  reducing  the  catalyst 
loading  would  result  in  less  surface  area  available  for  surface  oxy¬ 
gen  adsorption  and  reduced  pathways  for  electron  transfer  that 
prevent  ionization  of  adsorbed  oxygen  atoms  [35],  whereas 
increasing  the  catalyst  loading  would  decrease  the  overall  poros¬ 
ities  of  the  composite  cathodes  and  thereby  increase  gas  diffusion 
resistances. 

4.  Conclusions 

As  an  effort  to  develop  high  performance  cathodes  for  co-fired 
metal-supported  SOFCs,  SFMO-YSZ  composites  were  prepared  by 
impregnating  aqueous  solutions  containing  Sr(N03)2,  Fe(N03)3, 
(NH4)6Mo7024  and  citric  acid  at  appropriate  ratios  into  the  porous 
YSZ  backbones.  Calcinations  at  850  °C  in  reducing  atmospheres 
resulted  in  predominant  formation  of  perovskite  oxides  and  some 
Fe  minor  impurities  that  were  further  eliminated  via  in  situ 
oxidation  during  the  fuel  cell  operation.  Relatively  low  polarization 
resistances  were  achieved  in  air  for  the  resulting  cathodes,  e.g.,  0.06 
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and  0.13  Q  cm2  at  800  and  700  °C,  respectively.  Analysis  of 
impedance  data  in  varied  oxygen  partial  pressures  shows  that 
charge  transfer  along  the  SFMO-YSZ  interfaces  was  the  rate- 
limiting  step  for  oxygen  reduction  reactions  on  the  impregnated 
SFMO-YSZ  cathodes.  Metal-supported  solid  oxide  fuel  cells,  con¬ 
sisting  of  porous  430L  stainless  steel  substrates,  active  Ni-YSZ 
anode  layers,  YSZ  electrolytes  and  impregnated  SFMO-YSZ  cath¬ 
odes,  displayed  maximum  power  densities  of  438  mW  cm-2  at 
800  °C  when  operating  on  hydrogen  fuels  and  air  oxidants. 
Impedance  measurements  on  symmetric  anode  fuel  cells  indicate 
that  the  fuel  cell  performance  was  primarily  limited  by  the  large 
anode  polarization  resistances  due  to  metallic  interdiffusion  be¬ 
tween  the  metallic  substrates  and  the  Ni-anodes,  and  possibly  low 
porosities  for  the  active  Ni-YSZ  anode  layers. 
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